Foxp3 ϩ T-regulatory cells (Tregs) maintain intestinal homeostasis under conditions of continuous challenge with inflammatory microbes. However, plasticity of the Treg population under certain conditions has been reported; Foxp3 ϩ Tregs can be converted to Foxp3 Ϫ CD4 ϩ T cells. METHODS: We used mice with a T cell-induced colitis model to study the regulatory role of type I interferons (IFNs) in adaptive immunity. We transferred CD4 ϩ CD45RB hi (RB hi ) T cells, with or without CD4 ϩ CD45RB lo CD25 ϩ T cells, from wild-type or IFN-␣␤R Ϫ/Ϫ mice into Rag1 Ϫ/Ϫ recipients. We 
T he gastrointestinal (GI) tract harbors vast numbers of diverse bacteria and is exposed to numerous foodderived antigens. 1 Interestingly, these combined immunologic stimuli do not provoke inflammatory reactions in the intestinal mucosa under steady-state conditions. One possible explanation for this phenomenon is that immune cells in the GI tract execute unique regulatory tasks that are uncommon in other organs. 1 Hence, communication between different immune effector cells and T-regulatory cells (Tregs) is essential for the maintenance of GI homeostasis. 2 Indeed, immune dysregulation in the GI mucosa leads to chronic inflammatory conditions such as celiac disease and inflammatory bowel disease. 3 The transfer of naïve CD4 ϩ T cells (CD4 ϩ CD45RB hi ) into immune-deficient mice (eg, Rag Ϫ/Ϫ mice) is an established model of experimental colitis. 1, 4 The transferred naïve CD4 ϩ T cells undergo activation and proliferation in response to the large array of microbial products in the intestinal lumen and consequently provoke colitis. The cotransfer of a CD4 ϩ CD45RB lo population inhibits this type of intestinal inflammation. 5 Subsequent studies have shown that Tregs expressing the lineage-specific Foxp3 transcription factor mediate the inhibition of colitis in this model. 6, 7 Foxp3 is essential for the development and function of Tregs. 7, 8 The critical role of Foxp3 in the regulation of immune responses in mice and humans has been independently validated in the Foxp3-mutant scurfy mice and in patients with immunodysregulation polyendocrinopathy enteropathy X-linked syndrome. 9, 10 Continuous Foxp3 expression is essential for the suppressive/ regulatory functions of Tregs. 7, 11 Therefore, it has been assumed that for Foxp3 to play an effective regulatory role, its expression must be stable, and that differentiation into a Foxp3-expressing cell must be unidirectional. However, recent reports have suggested that there is plasticity among Tregs in response to environmental cues, such as severe inflammation. 8, 12, 13 The environmental stimuli that restrain the conversion of Tregs to effector CD4 T-helper cells remain undefined.
Type I interferons (IFNs) include the multiple gene products of IFN-␣ and a single gene product of IFN-␤. 14 They are induced by viral RNA and DNA and certain bacterial products (eg, lipopolysaccharide), which activate pattern recognition receptors expressed by different cell types and induce signaling via the heterodimeric receptor, IFN-␣␤R. 14 Although type I IFNs were originally described to be antiviral agents, recent evidence has uncov-ered that they have immunomodulatory functions as well. 14 In previous studies, we reported that TLR9-induced type I IFN signaling inhibits intestinal inflammation and protects the intestinal tissue from dextran sulfate sodiuminduced colitis. 15, 16 Recently, it has been proposed that type I IFN signaling in dendritic cells and macrophages inhibits development of Th17 and that this role of type I IFN is critical for the alleviation of experimental autoimmune encephalomyelitis provoked by encephalitogenic Th17 cells. 17, 18 In this study, we explored the regulatory role of type I IFN in adaptive immunity using a murine T cell-mediated colitis model. We found that type I IFN is necessary for maintaining Foxp3 expression and Treg function in vivo. Consequently, CD4 ϩ CD45RB lo CD25 ϩ Tregs isolated from IFN-␣␤R Ϫ/Ϫ mice could not suppress CD4 ϩ CD45RB hi T cell-mediated colitis in an adoptive transfer model. The administration of recombinant IFN-␣ ameliorated the severity of colitis by increasing the number of Foxp3 ϩ cells and improving Treg function. Our results reveal a novel and unexpected role for type I IFN signaling in the regulation of Treg plasticity under inflammatory conditions and highlight its role in intestinal homeostasis.
Materials and Methods Mice
Six-week-old wild-type (WT), Foxp3-eGFP, CD45.1, Rag1 Ϫ/Ϫ , and IL-10 Ϫ/Ϫ mice, all on the C57BL6/J (B6) background, were purchased from the Jackson Laboratory (Bar Harbor, ME) and bred in our animal facility. IFN-␣␤R Ϫ/Ϫ (KO) mice (B6) were described previously. 15 IL-10 Ϫ/Ϫ mice were crossed to IFN-␣␤R Ϫ/Ϫ mice to generate IL-10 Ϫ/Ϫ IFN-␣␤R Ϫ/Ϫ double knockout (DKO) mice. Rag1 Ϫ/Ϫ mice were crossed to IFN-␣␤R Ϫ/Ϫ mice to generate Rag1 Ϫ/Ϫ IFN-␣␤R Ϫ/Ϫ mice. All of the crossed mice were genotyped. All of the experimental animal procedures were approved by the University of California San Diego Animal Care Program or by Chonnam National University and were conducted in accordance with institutional guidelines for animal care and use.
Adoptive Transfer and Clinical Evaluation of Colitis
CD4 ϩ T cells were enriched from a splenocyte cell suspension using a CD4-negative selection kit (Miltenyi Biotec, Auburn, CA) and were subsequently stained with PE-Cy5-anti-CD4 (L3T4; eBioscience, San Diego, CA), Alexa Fluor 488 -conjugated anti-CD25 (PC61.5; eBioscience), and PE-anti-CD45RB (C363.16A; eBioscience). These cells were then sorted to obtain the CD4 ϩ CD45RB hi (naïve), CD4 ϩ CD45RB lo , and CD4 ϩ CD45RB low CD25 ϩ populations using a Mo-Flo cell sorter (DakoCytomation, Carpinteria, CA). A total of 3 ϫ 10 5 CD4 ϩ CD4RB high cells were transferred to Rag1 Ϫ/Ϫ mice via intraperitoneal injection. For the cotransfer, 3 ϫ 10 5 CD4 ϩ CD45RB lo cells were administered via intraperitoneal injection after the CD4 ϩ CD4RB high cell transfer. In certain experiments, 4 ϫ 10 5 CD4 ϩ CD45RB hi cells, with or without 1 ϫ 10 5 CD4 ϩ CD45RB lo CD25 ϩ cells, were transferred via intraperitoneal injection into the Rag1 Ϫ/Ϫ mice. The combined score of weight loss and bleeding was calculated as the Disease Activity Index (DAI), as previously described. 15, 19, 20 
Histologic Scoring
Histologic scoring of H&E-stained colonic tissues was performed as described previously. 15, 20 
Flow Cytometry
Isolated CD4 ϩ cells were treated with Fc-Block (2.4G2; BD Biosciences) and then stained with the appropriate combinations of the following antibodies: APC-anti-CD4 (L3T4), FITC-anti-CD25 (7D4; BD Biosciences, San Jose, CA), PE-anti-CD45.1 (A20; eBioscience), FITC-anti-CD45.2 (104; eBioscience), and PerCp-Cy5.5-anti-TCR␤ (H57-597; eBioscience). For intracellular staining of Foxp3, the surface-stained cells were fixed and permeabilized according to the manufacturer's instructions (eBioscience) and stained with PE anti-Foxp3 (FJK-16s; eBioscience). Flow cytometric data were acquired using a FACSCalibur cytometer with CellQuest software (BD Biosciences) and analyzed with FlowJo software (Tree Star, Ashland, OR).
Bromodeoxyuridine Staining
Rag1 Ϫ/Ϫ mice were injected intraperitoneally with 4 ϫ 10 5 CD4 ϩ CD45RB hi cells and 1 ϫ 10 5 CD4 ϩ CD45RB lo CD25 ϩ Tregs from WT or IFN-␣␤R Ϫ/Ϫ mice. Two weeks after the transfer, the mice were injected intraperitoneally with bromodeoxyuridine (BrdU) solution (BD Biosciences) and killed 24 hours later. Incorporation of BrdU was detected in paraffin-embedded colon tissue and splenocytes using the BrdU In-Situ Kit (BD Biosciences) and the BrdU Flow Kit (BD Biosciences).
Culture of Colon Explants
Cytokine levels in the cultures of colon tissues (colon explants) were determined by enzyme-linked immunosorbent assay (ELISA), as described previously. 20 
ELISA
Cytokine concentrations in the various supernatants were measured by ELISA using commercially available kits (eBioscience).
Quantitative Reverse-Transcription Polymerase Chain Reaction
Gene expression levels from colon tissue and T-cell subtypes were analyzed by quantitative reverse-transcription polymerase chain reaction (qRT-PCR) analysis. Total RNA was isolated from distal colon tissues or from purified T cells using TRIzol (Invitrogen, Carlsbad, CA) and RNeasy kits (Qiagen, Valencia, CA), respectively. The total RNA was reverse transcribed using the Superscript III kit (Invitrogen) and an oligo-dT primer. Quantitative PCR was performed on an ABI 7300 (Applied Biosystems, Carlsbad, CA) using the Power SYBR Green PCR mixture (Applied Biosystems). Expression of hypoxanthineguanine phosphoribosyltransferase (HPRT) was used as internal reference in all PCR experiments. The relative messenger RNA (mRNA) quantities in the samples were calculated as described elsewhere. 19, 20 
Preparation of Lamina Propria Lymphocyte Suspensions
The colon tissues were cut with scissors to produce smaller pieces of tissue and then were incubated with 0.5 mg/mL collagenase (type IV; Sigma, St Louis, MO) in RPMI 1640 media (Mediatech, Manassas, VA) containing 5% fetal calf serum (5% FCS RPMI 1640). 21, 22 Lamina propria lymphocyte (LPL) cells were recovered from the interface of a 40% and 70% discontinuous Percoll (GE Healthcare, Pittsburgh, PA) solution.
Immunostaining and Confocal Imaging
Whole colons from mice were embedded in OCT compound (Sakura Finetek, Tokyo, Japan) and cryosectioned for immunostaining and confocal imaging. Colon sections were fixed and permeabilized with Cytofix/Cytoperm (BD Biosciences) and stained as described previously. 19 To stain immunocytes obtained from the colon, the sections were stained with the appropriate antibodies. The sections were counterstained with 4=,6-diamidino-2-phenylindole and then mounted with ProLong Gold antifade reagent (Life Technologies, Grand Island, NY). Confocal images were obtained with an Olympus FV1000 (Tokyo, Japan) confocal microscope at the UCSD Neuroscience Microscopy Shared Facility. 
Treatment With PEG-IFN-␣
Rag1
Statistics
All results are expressed as mean Ϯ SEM unless otherwise stated. Statistical significance between 2 groups was analyzed using the unpaired Student t test unless otherwise stated. Figure 1D) . Accordingly, colon explants from these recipients produced significantly higher levels of IFN-␥ and tumor necrosis factor (TNF)-␣ compared with those obtained from WT cotransfer recipients (Supplementary Figure 1E) . Moreover, the transfer of KO RB lo cells alone induced colitis 6 weeks after transfer ( Supplementary Figure 2A and B) .
Results

CD4
Because major differences between WT and KO cells were observed in the recipients transferred with the RB lo subpopulations, we reasoned that this effect might indicate that type I IFN affects the function of the Tregs within the RB lo population. The RB lo fraction is a heterogeneous population that contains Tregs and antigenexperienced cells. To elucidate whether the KO RB lo CD25 ϩ Tregs within the transferred RB lo population are responsible for the lack of suppressive function, we transferred WT or KO CD4 ϩ CD45RB lo CD25 ϩ (Treg) cells into Rag1 Ϫ/Ϫ recipients along with naïve WT RB hi cells. Rag1 Ϫ/Ϫ mice that received WT RB hi cells cotransferred with KO, but not WT Tregs, developed severe colitis within 3 weeks after transfer ( Figure 1A-C) . The histologic analyses of these mice indicated massive infiltration of inflammatory cells into the lamina propria with crypt elongation and epithelial cell hyperplasia ( Figure 1D ). A significantly higher number of CD4 ϩ cells was observed in the colons of mice that received the KO Tregs ( Figure 1E ). Consistent with these data, higher levels of IFN-␥ and TNF-␣ were detected in the supernatants of colon explants obtained from mice cotransferred with KO Tregs ( Figure 1F) . To evaluate the proliferative responses of the adoptively transferred CD4 ϩ T cells, we performed BrdU staining. Splenic CD4 ϩ T cells isolated from recipients that were cotransferred with KO Tregs displayed higher BrdU incorporation than those in recipients cotransferred with WT Tregs (Figure 2A ). Similar findings were observed in the colons of these 2 groups of mice ( Figure 2B ). BrdU was incorporated into the epithelial cells and the infiltrating cells in the colon lamina propria of recipients cotransferred with WT effector T cells (Teffs) and KO Tregs. In contrast, in the colons of recipients cotransferred with WT Tregs, BrdU ϩ cells were only detected in the epithelia ( Figure 2B ).
We then tested whether the CD4 ϩ CD45RB lo CD25 ϩ Treg subpopulation alone could induce colitis without the cotransfer of RB hi cells. Rag1 Ϫ/Ϫ mice were injected intraperitoneally with fluorescence-activated cell sorted (FACS) CD4 ϩ CD45RB lo CD25 ϩ cells (95% Foxp3 ϩ ; Supplementary Figure 3A ) from WT or KO mice. Neither recipient group developed clinical signs of colitis during the first 6 weeks posttransfer (Supplementary Figure 3B) , and CD4 ϩ TCR␤ ϩ cells were not recovered from the spleens of these mice (data not shown). The histologic analyses confirmed that neither WT nor KO CD4 ϩ CD45RB lo CD25 ϩ Tregs induced colitis (Supplementary Figure 3C) . These data indicate that KO CD4 ϩ CD45RB lo CD25 ϩ Tregs alone cannot survive in vivo after they are transferred into Rag1 Ϫ/Ϫ mice unless they are also cotransferred with effector cells. Moreover, a small fraction of KO CD4 ϩ CD45RB lo CD25 ϩ Foxp3 Ϫ (Ͻ5%; see Supplementary Figure 3A ) cells do not outgrow to induce colitis. Taken together, these results suggest that the KO CD4 ϩ CD45RB lo CD25 ϩ Treg population is dysfunctional in this model of T cell-mediated colitis.
Development of Tregs in KO Mice
To compare development of Tregs in KO and WT mice, we assessed the percentage and number of Foxp3 ϩ cells in the thymuses, spleens, and LPLs of these mice. No significant differences were observed in the percentage of CD4 ϩ Foxp3 ϩ cells in these specimens between WT and KO mice (Supplementary Figure 4A-C) . The transcription levels of Treg-related genes in CD4 ϩ CD45RB lo CD25 ϩ cells were determined by qRT-PCR (Supplementary Table 1 ) using FACS CD4 ϩ CD45RB lo CD25 ϩ cells from WT and KO mice. The expression levels of Foxp3, CD25, CTLA-4, GITR, CD39, CD73, LFA-1, L-selectin, CD103, CD2, and Ebi-3 [23] [24] [25] [26] [27] [28] were similar in WT and KO Tregs (Supplementary Figure 4D) . These results, combined with those discussed previously and TNF-␣ levels in the supernatants were determined by ELISA. Cytokine concentrations were normalized to the weight of the tissue. *P Ͻ .05, **P Ͻ .01, ***P Ͻ .001. (Figure 1 ), strongly suggest that KO Tregs undergo normal development in KO mice, while they acquire a dysfunctional immunosuppressive phenotype after their cotransfer with naïve CD4 ϩ T cells into Rag1 Ϫ/Ϫ recipients.
In Vivo Survival and Function of KO Tregs
Because the data presented previously indicate that KO Tregs display a dysfunctional phenotype after they are transferred to Rag1 Ϫ/Ϫ mice, we evaluated whether type I IFN signaling is necessary for survival and/or function of Tregs in vivo.
We used CD45.1 and CD45.2 congenic mice as donors of naïve CD4 ϩ RB hi and CD4 ϩ RB lo CD25 ϩ Tregs, respectively. Rag1 Ϫ/Ϫ recipients were injected intraperitoneally with naïve CD45.1 ϩ RB hi and CD45.2 ϩ RB lo CD25 ϩ cells from WT or KO mice. Three weeks after transfer, we analyzed the number and percentage of CD45.1 (Teff) and CD45.2 (Treg) cells in the reconstituted spleens and lamina propria of the recipients. The number of recovered KO Tregs (CD45.2 ϩ ) from the spleens was comparable to that observed for WT Tregs ( Figure 3A) . However, the ratio of CD45.1 (Teff) to CD45.2 (Treg) cells in the spleens was 7:3 in recipients transferred with WT Tregs vs 9:1 in recipients transferred with KO Tregs (Figure 3B ). Figure 4A ). These data, taken together with the data presented previously, indicate that (1) KO Tregs survive at rates similar to WT Tregs under the specified in vivo conditions and (2) KO Tregs fail to restrain WT Teff proliferation and fail to inhibit colitogenic properties (Figure 1 ).
Type I IFN Signaling Is Essential for the Maintenance of Foxp3 Expression in Tregs in the Colitis Environment
Because Foxp3 is the master regulator of Treg development and function, we analyzed its expression levels in dysfunctional Tregs in vivo. Rag1 Ϫ/Ϫ recipients were coinjected intraperitoneally with naïve CD45.1 ϩ RB hi and CD45.2 ϩ RB lo CD25 ϩ cells from WT or KO mice. Three weeks after the transfer, we analyzed the Foxp3 expression levels in CD45.2 ϩ cells after gating the CD4 ϩ TCR␤ ϩ population. Surprisingly, 33% of WT CD4 ϩ TCR␤ ϩ CD45.2 ϩ cells expressed Foxp3, whereas only 10.8% of KO CD4 ϩ TCR␤ ϩ CD45.2 ϩ cells expressed Foxp3 in the spleens ( Figure 3C ). To analyze the transcript levels of Foxp3 in Tregs under these conditions, CD45.2 ϩ TCR␤ ϩ CD45RB lo CD25 ϩ splenocytes underwent FACS from the recipients and the mRNA levels were determined by qRT-PCR. The Foxp3 mRNA levels were reduced in the KO Tregs compared with WT Tregs ( Figure  3D ). The same observation was also detected in isolated LPLs, in which 24.7% of the WT CD4 ϩ TCR␤ ϩ CD45.2 ϩ cells expressed Foxp3 compared with only 5.6% of the KO CD4 ϩ TCR␤ ϩ CD45.2 ϩ cells ( Figure 4B ). These data strongly suggest that continuous type I IFN signaling is essential for the maintenance of Foxp3 expression in the inflammatory environment.
Administration of Type I IFN Improves Treg Function In Vivo
To investigate whether administration of type I IFN can modulate Treg function in vivo, we administered PEG-IFN-␣ to the recipient mice. To rule out the possibility that IFN-␣ induces any immunomodulatory effects on various non-Treg cells, Rag1 Ϫ/Ϫ IFN-␣␤R Ϫ/Ϫ and IFN-␣␤R Ϫ/Ϫ mice were used as the recipients and donors, respectively. We cotransferred FACS WT TNF-␣ levels were significantly lower in the colon explants from PEG-IFN-␣-treated recipients ( Figure 5D ). To evaluate the effects of PEG-IFN-␣ administration on Foxp3 ϩ cells, we isolated, permeabilized, and stained splenocytes from the transferred mice using an antiFoxp3 antibody. The percentage of CD4 ϩ Foxp3 ϩ cells was significantly increased in the PEG-IFN-␣-treated mice compared with the PBS-treated group ( Figure 5E ).
PEG-IFN-␣ is widely used for the treatment of various cancers and viral infections. Because it has been reported that polyethylene glycol (PEG) enhances colonic barrier function and ameliorates trinitrobenzene sulfonic acid-induced experimental colitis in rats, 29 we tested whether PEG itself could affect intestinal barrier function (Supplementary Materials and Methods). The intraperitoneal administration of PEG (40 kilodaltons; 13.3 mg/mouse), under the conditions presented in Figure 6 , did not alter intestinal permeability, as determined by fluorescein isothiocyanate-dextran measurement, 30 in a dextran sulfate sodium-induced colitis model. 15 Intraperitoneally administered PEG also did not affect DAI (Supplementary Figure 5A) and the intestinal permeability function (Supplementary Figure  5B ). An equal amount of orally administered PEG also did not influence the intestinal barrier function (Supplementary Figure 5A and B). 
IL-10 and Type I IFN Signaling Have Nonredundant Protective Roles in Experimental Colitis
The IL-10 Ϫ/Ϫ IFN-␣␤R Ϫ/Ϫ DKO mice developed severe colitis at 4 months of age, whereas IL-10 Ϫ/Ϫ or IFN-␣␤R Ϫ/Ϫ single KO mice did not develop intestinal inflammation under the same housing conditions. Among the more than 100 mice that we observed, 15.2% of the DKO mice developed rectal prolapse within 17 weeks. Moreover, macroscopic signs of intestinal inflammation such as thickening of the intestinal wall and diarrhea were evident only in the colon of DKO mice ( Figure 6A ). Histologic evaluation revealed the infiltration of inflammatory cells to the lamina propria and crypt elongation in the colons of the DKO mice ( Figure 6B ). Colon explants from the DKO mice secreted higher levels of inflammatory cytokines such as IFN-␥, TNF-␣ and interleukin (IL)-17A ( Figure 6C ). Similar results were obtained after anti-CD3/28 antibody stimulation of colon LPLs ( Figure  6D ). To further explore the expression of the inflammatory mediators in colon tissues, we performed qPCR analysis. The mRNA levels of IL-1, IL-17A, GM-CSF, KC, MIP1␣, MIP1␤, CXCL10, and CCL22 were elevated in the colon tissues obtained from DKO mice compared with those obtained from IL-10 Ϫ/Ϫ or IFN-␣␤R Ϫ/Ϫ mice ( Table  1) . Taken together, these results indicate that IL-10 and type I IFN signaling have nonredundant protective roles in experimental colitis.
Discussion
In this study, we showed that type I IFN signaling is important for maintaining Foxp3 expression in the inflamed mucosa in a model of T cell-mediated colitis and that the administration of recombinant IFN-␣ ameliorates the severity of colitis by increasing the number of Foxp3 ϩ cells and by improving their function.
The CD4 ϩ T-cell transfer model of experimental colitis has been instrumental in elucidating the physiologic roles of Tregs. 1, 4 We observed that the CD4 ϩ RB lo subset isolated from IFN-abR Ϫ/Ϫ (KO) mice was unable to suppress colitis induced by the cotransferred CD4 ϩ RB hi subset (Supplementary Figure 1) . Moreover, the CD4 ϩ RB lo sub- were activated with anti-CD3/28 antibodies for 48 hours, and the cytokine levels in the supernatants were measured by ELISA. ND, not detectable; *P Ͻ .05; **P Ͻ .01; ***P Ͻ .001. set alone (ie, isolated from KO mice) could induce colitis in Rag1 Ϫ/Ϫ recipients even without the cotransfer of the CD4 ϩ RB hi subset (Supplementary Figure 2) . Because we repeatedly failed to identify any defect of the KO Tregs on WT CD4 ϩ T-cell function (eg, proliferative response) under in vitro conditions (data not shown), we applied an in vivo analysis. Using a cotransfer of congenic CD4 ϩ RB hi and CD4 ϩ RB lo CD25 ϩ subsets, we identified that the number of recovered KO Tregs is similar to that observed for WT Tregs in recipient mice ( Figure 3A) . Surprisingly, the expression levels of the Foxp3 protein were significantly reduced in KO Tregs compared with WT Tregs in the spleen and lamina propria ( Figures 3C and 4B) . A similar profile was observed for Foxp3 mRNA levels ( Figure 3D ). These results clearly suggest a novel role for type I IFN signaling in the immune regulation of intestinal homeostasis through the maintenance of Foxp3 expression. One of the central features of Tregs is their low production of IL-2. Therefore, Tregs are highly dependent on an exogenous supply of IL-2 7, 11, 31, 32 for their function and/or proliferation in vivo. Because CD4 ϩ TCR␤ ϩ cells were not recovered from Rag1 Ϫ/Ϫ mice that were injected with CD4 ϩ CD45RB lo CD25 ϩ Tregs alone (data not shown), the cotransferred Teffs most likely support their proliferation and function of Tregs by supplying IL-2. Although type I IFN signaling is essential for the suppressive function of Tregs in the transfer model, KO mice do not develop spontaneous colitis or autoimmune disease unless they are challenged with various agents. 15, 17, 18 Indeed, no significant differences were observed in the percentages of CD4 ϩ Foxp3 ϩ cells or in the mRNA levels of Treg-related genes in the KO vs WT mice (Supplementary Figure 4) . Collectively, these data indicate that the dysfunctional phenotype of the KO Tregs was acquired only after their transfer into the Rag1 Ϫ/Ϫ recipients.
To determine whether type I IFN signaling is therapeutically efficacious and whether it mediates its beneficial effects via Foxp3 stabilization, we cotransferred Teffs from KO mice and Tregs from WT mice into IFN-␣␤R Ϫ/Ϫ Rag1 Ϫ/Ϫ mice. PEG-IFN-␣ treatment ameliorated T cell-mediated experimental colitis and maintained Foxp3 ϩ expression in CD4 ϩ cells ( Figure 5E ). Type I IFN treatment has been documented to improve the frequency and suppressive function of Tregs in patients with relapsing-remitting multiple sclerosis, 33 and there was also increased Foxp3 mRNA expression in the peripheral blood mononuclear cells from these patients. 34 Our observations can therefore explain the beneficial effects of type I IFN treatment on this disease, and they suggest the potential therapeutic application of type I IFNs in the modulation of T cell-mediated intestinal inflammation.
It has been reported that IL-10 -/-mice develop spontaneous chronic enterocolitis, 35 which is largely attributed to dysfunctional Tregs. 36 These reports led us to investigate the effects of type I IFN and IL-10 on Treg function. The IL-10 Ϫ/Ϫ mice were crossed to generate IL-10 Ϫ/Ϫ IFN-␣␤R Ϫ/Ϫ DKO mice. We found that the IFN-␣␤R Ϫ/Ϫ and IL-10 Ϫ/Ϫ KO mice did not develop spontaneous colitis in our animal facility 20 because only DKO mice developed overt signs of colitis. This result shows the nonredundant roles that the type I IFNs and IL-10 have with regard to Treg function and colitis protection.
The molecular mechanisms by which type I IFNs exert their immunomodulatory functions and the efficacy of these mechanisms in various immunopathological conditions are still not completely understood. Given their beneficial effects on intestinal homeostasis in animal models, 14 type I IFNs have been tested as therapeutic agents in human inflammatory bowel disease with controversial results. [37] [38] [39] [40] Because IFN-␣␤R, a common receptor for type I IFNs, is expressed by nearly all cell types and its activation can result in different biological properties, 14 it is possible that these diverse effects might blunt the Foxp3 stabilizing effects observed in this study. We propose to consider the application of type I IFNs in immune-mediated diseases associated with decreased Treg function. 
